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(57) ABSTRACT

An optical coupling relay system has an imaging optical
system having an object plane, an exit pupil and an 1image
plane. An 1image analyzer has an 1mage plane and an entrance
pupil, and a detector 1s located 1n a detector plane and contains
photosensitive material. An optical coupling relay couples the
optical system to the image analyzer, for projecting the image
produced by the imaging optical system into the image plane
of the 1image analyzer and simultaneously for projecting the
ex1t pupil of the imaging optical system into the entry pupil of
the 1mage analyzer.
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Direct coupling of a spectrometer {0 a microscope
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FIG. 1

An optical layout of microscope with various image capture options
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FIG. 2

A typical imaging spectrometer with plane reflecting grating
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FIG. 3

Direct coupling of a spectrometer to a microscope

:..; ata
-
L]
)
-'F.‘. ..... ..' l:l:lfl-fl-ﬂ*
Ll )
- Ll
L Yty

v r >
L
."' '-'.'-
A AR,
Sy
]

Lo ]
I'I
I.'I.'l.
I ]
E
¥ LT
- il_'. .,._-ll_l'
LK R R roala T N e
ey L
L
L ]
I"-!_
N
]

P
. - "'?{}::’;:? o
"

;:_.-'-'

CREX T T ST TR TRE X $

1l
"

e T Tl
h} :‘:a-." :;..h




U.S. Patent

Dec. 22, 2009

Sheet 4 of 8

US 7,636,158 B1

oupling of a spectrometer to a microscope by means of a fiber-optic
bundle
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Coupling of a number of specirometers to a microscope by means of a
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Fibers arrangement on both ends of fiber-optic bundle
Shit plane

image plane
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FIG. 7

Example of branching of the bundle with three light collecting fibers to
three spectrometers
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FIG. 8

Various possible mapping of fibers between ends of bundle
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OPTIMAL COUPLING OF HIGH
PERFORMANCE LINE IMAGING
SPECTROMETER TO IMAGING SYSTEM

PRIORITY CLAIM

This application claims the benefit under 35 USC §119(e)
from U.S. provisional patent application Ser. No. 60/612,526,
filed Sep. 24, 2004.

FIELD OF INVENTION

This invention pertains to the field of coupling of an 1mag-
ing optical system 1n preferred embodiment microscope to a
high performance 1mage analyzing system in preferred
embodiment to the line 1maging spectrophotometer and,
more particularly, to conversion of an ordinary optical imag-
ing system such as a microscope into high performance image
analyzing system performing high performance spectral
analysis able to perform parallel processing on number of
adjacent or non adjacent series of measurement points.

BACKGROUND OF THE INVENTION

There 1s continuously increasing need for precise, non-
destructive, non-contact, or remote chemical analysis of
selected targets and samples, as well as analysis of distribu-
tion of the tested components within the target or sample. This
may include identification of chemical composition of the
stars or planets, aeral terrestrial reconnaissance, remote pol-
lution detection, remote detection of explosive traces 1n lug-
gage ol airplane passengers and many other applications
where chemical analysis of the remote target has to be per-
tformed, with exact localization of the point 1n space were
analysis was performed. With scale exception, a similar prob-
lem arises 1 microscopy where the distribution of some
chemical components across the microscopic samples has to
be determined. Hence, 1n both cases there 1s a need for spatial
distribution analysis of chemical components across certain
large or small areas. In many cases this can be achieved with
spectroscopic methods, which extract required imnformation
on chemical composition variations from analysis of radia-
tion generated or effected by analyzed adjacent or non-adja-
cent points ol targets or samples. Typically, the radiation from
these points 1s collected by the means of some light collecting,
optics and delivered to some kind of spectrum analyzer. In the
past such analyzers were not able to perform simultaneous
analysis on a number of points so that the analysis was per-
formed consecutively point by point. Spatial selectivity of
such system was determined by the capability of applied light
collecting system, while spectral performance of the system
was determined by the performance of both light collecting as
well spectrum analyzing components of the instrument

The need for detailed quantitative image analysis, espe-
cially in astronomy and microscopy has been recognized long
time ago for may vears, a large number of many photometric
and spectrophotometric instruments have been developed,
designed and produced. Description of some of these devices
as applied 1n microscopy, developed before year 1980, can be
found 1n book of “Advanced Light Microscopy” (Vol. 3 Mea-
suring techniques) by M. Pluta and in other books and
articles. The devices developed before the time of the above
publication could not take advantages provided by arrays of
photodetectors, which did not exist at that time. To achieve
required performance, very sophisticated instruments had
been developed and were produced by leading producers of
the microscopes. The majority of these instruments were

10

15

20

25

30

35

40

45

50

55

60

65

2

designed for absorbance measurement of microscopic
samples, and hence used monochromatic light to illuminate
them. As aresult, measurement systems of such kind were not
able to perform spectral analysis of radiation transformed by
the microscopic sample by fluorescence, Raman scattering,
phosphorescence or similar effects. For these types of objects,
devices able to analyze the spectral composition of the radia-
tion affected by different areas of the microscopic samples are
required. In the past, this problem was resolved by consecu-
tive spectral analysis of radiation produced or atfected by the
sample point by point. Such a point by a point spectral analy-
s1s has many disadvantages and many methods have been
developed for simultaneous extraction of spectral informa-
tion for number of adjacent or non-adjacent points of the
object or 1ts image produced by some optical imaging system.
The systems performing such analysis on a number of adja-
cent points are usually referenced as imaging spectrum ana-
lyzers or imaging spectrometers, while the systems perform-
ing the analysis on non-adjacent points are usually called
multi-channel spectrum analyzers or multi-channel spec-
trometers.

In this description both systems will be referred to as imag-
ing spectrometers, while the term multi-channel spectrometer
will be reserved specifically to situations when the fact that
analyzed radiation has been collected from spatially non-
adjacent points 1s important. There exist a large number of
both imaging and spectrum analyzing instruments, which can
be used for this purpose.

Similar problems exist in all areas of spectroscopy appli-
cations, where information on spatial spectral variability of
target or sample are required.

The problem of simultaneous analysis of radiation at dif-
ferent points of targets and samples or their optical 1mages
can be addressed 1n many different ways, depending on the
particular needs and technical capabilities available, as will
be described below. A method to convert ordinary microscope
into a high performance spectrometric system, able to analyze
the spectra 1n a set of adjacent or non-adjacent 1mage points
by means of a line imaging spectrometer 1s disclosed.

Taking 1nto account a large variety of both imaging and
spectrum analyzing instruments, a question arises as to how
to select and couple mstruments from each group to achieve
the best possible performance of the final arrangement.
Therefore, this 1s the first object of this invention to provide
technical tools and methods for analysis of performance of
both imaging and spectrum analyzing instruments to provide
the best coupling between them, with an exemplary applica-
tion to microscopy.

State of the Art 1n Field of Imaging Spectrometers

Theuse ol imaging spectrometers, allowing for the spectral
analysis of radiation transformed by the sample as a result of
some physical process, form a mature class measurement
method, which have found various technical implementa-
tions. There exist mnstruments with two dimensional 1mage
capturing detectors (human eye, photographic film, 2-D array
of the photodetectors), which apply spectral band-pass filters
placed somewhere 1n the optical path between the object and
the detector to allow radiation within a certain spectral range
to reach the 2-D detector. The filters can be consecutively
changed to select the radiation, which corresponds to differ-
ent spectral bands. It 1s a quite common solution in fluores-
cent microscopy, for example, and many 1nstrument based on
this principle are already available on the market. This 1s clear
that while such filtering provides valued information, the
amount of information obtained 1n such a way 1s limited by
the number of filters, which can be practically used. Recently,
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several different solutions have been proposed to facilitate the
process of spectral band selection. These include continu-
ously moved variable interference filters; interference filters,
produced with holographic or thin layer technology, whose
spectral band pass can be adjusted by changing the filter
inclination to the incident light beam; acousto-optic tunable
filters (AOTF), whose spectral band pass 1s determined by
frequency of the acoustic wave applied; liquid-crystal tunable
filters, whose spectral band pass 1s determined by applied
voltage; Fourier transform spectrum analyzers, which, by
means of a variable optical path interferometer, encode the
spectral information 1n a form of a correlation signal which 1n
an additional step mathematically can be transformed into
spectral information. Recently these methods have been
enhanced with Hadamard transform spectrometers performs-
ing local wavelength coding by mean of small dedicated local
diffractive optical elements working 1n conjunction with 2-D
detector array, the signal from which mathematically can be
de-convolved into local spectral information. Since both
spectral and spatial information are simultaneously coded
and registered using the information capacity of the same 2-D
detector array 1t 1s clear for those skilled in the art that this 1s
achieved as a compromise between spatial and spectral infor-
mation capacities. All these methods are complemented with
line 1imaging spectrometry, able to provide high quality spec-
tral mnformation for a set of points aligned along a straight or
curved slit. Because of recently achieved unsurpassed spatial
and spectral performance, this technique 1s particularly useful
for precise spectroscopic analysis of the various targets and
samples. To be able to take full advantage of such a technique;
however, the optical coupling of the line 1maging spectrom-
cter to the 1maging system such as microscope becomes
highly important. In principle two coupling methods are pos-
sible: the direct coupling of the imaging system to spectrom-
cter through the projection of an image produced by the
imaging system onto a slit plane of the line imaging spec-
trometer and coupling the light from the image plane of the
imaging system to the slit of the spectrometer by the means of
optical fibers.

Therelore, 1t 1s the primary objective of this invention to
provide means for eflicient transier of radiation between the
image plane of the imaging system and the spectrometer slit
plane providing either the highest possible spatial and spec-
tral resolution for an 1image line using direct image projection
by the imaging system onto the slit plane of a line imaging
spectrometer or by providing a flexible connection and free-
dom 1n selection of the analyzed points of the microscopic
sample using fiber-optic connection between the imaging
system such as telescope or microscope and line 1maging
spectrometer. The second objective of the mvention 1s to
provide fiber optic connection between the 1imaging system
such as telescope or microscope and line 1imaging spectrom-
cter with spatial configurations of fibers different from the
spatial configuration of fibers 1n the spectrometer slit plane.
The third objective of the present invention 1s to provide
means to perform spectral analysis of samples observed with
different imaging systems by a single line 1maging spectrom-
cter. The fourth objective of the invention is to provide means
to perform spectral analysis of the samples 1n a single or
plurality of imaging systems by the means of a number of
spectrometers, each of which performs the analysis 1 differ-
ent spectral ranges. These and other advantageous solutions
related to coupling one or anumber of 1maging systems to one
or a number of line 1imaging spectrometers will become
apparent from following detailed description of the invention,
attached drawings and claims and sub-claims of the mven-
tion.

[l

10

15

20

25

30

35

40

45

50

55

60

65

4

In this description coupling of the microscope to line imag-
ing spectrometer will be used as an example, but the same
principle can be used for coupling any 1imaging system, pro-
ducing a real optical image, to the line 1maging spectrometer.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present invention and to
show more clearly how 1t may be carried into eflect, reference
will be made, by way of example, to the accompanying draw-
ings, in which:

FIG. 1 shows a schematic diagram of a microscope and
couplings for connection to various kinds of the image cap-
turing devices;

FIG. 2 shows a schematic diagram of one of many possible
implementations of a line 1imaging spectrometer;

FIG. 3 shows a schematic diagram of one embodiment of a
coupling between a microscope to a line 1maging spectroms-
eter 1n preferred embodiment with a holographic volume
transmission diffraction grating;

FIG. 4 shows a schematic diagram of another embodiment
in which the radiation from a real image produced by a micro-
scope 1s captured by the entry face of a fiber optic bundle and
delivered directly or indirectly to an entry slit of a line 1imag-
Ing spectrometer;

FIG. 5 shows another embodiment with coupling of more
than one spectrometer with a branched fiber-optic bundle;

FIG. 6 shows arrangement of the fibers on entry end of the
fiber optic bundle used for light transfer between the image
plane of the microscope and the entrance slit of a single line
imaging spectrometer;

FIG. 7 shows the arrangement of the fibers on each end of
the fiber optic bundles used for the radiation transier between
the 1image plane of the microscope and entrance slits of the
line imaging spectrometers when more than one spectrometer
1s used for spectrum analysis to increase analyzed area of the
sample; and

FIG. 8 shows various possible mapping between entry and
exit ends of the fiber-optic bundles when a single spectrom-
eter 1s used for spectrum analysis.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

The present mvention provides eflective means for cou-
pling an optical imaging system such as telescope, photo-
graphic or TV camera objective, microscope or any other
imaging system, which creates a real image of the target or
sample with some kind of image analyzer, a line 1maging
spectrometer. Each 1imaging optical system, predestined for
the 1image registration by some means produces 1n space, a
real 1image of the sample or target where some kind of image
capturing element such as photographic material, photosen-
sitive area of vidicon, array of photodetectors or other similar
device 1s placed to produce technically recognizable physical
reaction correlated to spatial intensity distribution of electro-
magnetic radiation (light). Depending on the situation, the
registered 1mage can either be demagnified (TV cameras,
photographic cameras, telescopes), registered without
change of scale (some photographic and TV cameras) or
magnified (microscopes, some photographic and TV cam-
eras). Images produced by such optical devices are often not
optimal for direct visual observation and to improve their
visibility they are either projected on some screen (diffusers
in photographic cameras) or observed by means of eyepiece
which most often produces a comfortable visual observation
of a virtual 1image of the sample or target (telescopes and
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microscopes). Sometimes, there 1s a need to perform some
additional operations with captured images (spectral analysis
for example) by the means of specialized optical device such
as spectrometer, interferometer, radiometer, photometer and
others. A problem arises of how to couple such devices to the
imaging system in a way, which secures the extraction of
maximum information using mimmal resources. Since all
imaging optical systems produce a real image of the target
(within this description, target will mean any physical object
large or small, whose image 1s taken with some optical device
like telescope, photographic camera, microscope and similar)
their coupling with additional optical devices imposes similar

problems, which will be discussed in details 1n relation to a
microscope as an example.

The performance of any optical imaging system, including,
microscopes, can be expressed through the specification of a
number of physical parameters, which include a spectral
range of used radiation; angular or linear field of view; F# (F
number) or numerical aperture, which expresses capability of
the optical system to collect light and usually determines the
angular or linear dimensions of the smallest detail the system
can resolve; and optical or contrast transfer function, instead
of which spatial resolution, which 1s directly related to the
limit of spatial frequency transierred by the system is often
provided.

The image produced can be characterized 1n similar way by
providing the spectral range AA of the radiation used to pro-
duce the 1mage, size of the image Ax by Ay, convergence
angle 0 of the radiation producing the central spot of the
image (which 1s related to F# or aperture of the used optical
system) and the radius p of the smallest detail 1n the 1image,
determined by resolution of the system. All these details are
clarified 1n the following example.

The useful spectral bandwidth AA of an optical system 1s
limited either by the spectral range of transparency ol mate-
rials used, by the sensitivity 1n the spectral range of detectors
used or by the design of the instrument, which causes that the
system meets established technical requirement only for
radiation 1n a certain spectral range.

The 1image si1ze Ax by Ay 1s usually determined by optical
design of the optical system and gives the size of the area
within which the optical systems meets technical require-
ments.

The convergence angle 0 of the radiation producing the
central spot of the 1image 1s determined by diameter D of the
exit pupil of the optical system and the distance I from the
pupil to the image plane. The sin(0/2) gives the numerical
aperture ol the image building beam and for aberration free
optical system determines the radius p of diffraction spotof a
point object 1n the image plane. For a point object placed at
infinity the convergence angle 0 1s related to pupil diameter D,
tocal length 1 of the lens and 1ts F#=1/D 1n the following way:

0=2a tan(D/2f)=2a tan(1/2F#)~1/F# (1)

and numerical aperture N.A., of the beam forming the image
1n air 1s:

N.A.=smn(0/2)=sin{a tan(/2f))=sm(a tan(1/2f#))~sin

(1/2F#)~1/2F# (2)

In the case of microscopes, the numerical aperture N.A., of

the beam forming the 1mage 1s related to the numerical aper-

ture of the objective N.A._, providing magnification M_, as
follows:

N.A.=N.A._,/M_, (3)
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The radius p of diffraction spot of the point object in the
image plane for imaging system 1s given by:

0=1.220/N.A. ~2 44)\F# (4)
In microscopes, the contribution of the condenser improves
resolution by factor of two and in the image plane of the

objective the resolution of the microscope p,, 1s given by:

0, =0.61AM,,/N.A._, (5)
If the microscope contains additional optical components
providing additional magnification M, 1t will influence both
the numerical aperture N.A., of the beam forming the image,
which will take value:

N.A.=N.A._/(M_,M,) (3a)

as well as the radius p,,  of diffraction spot of the point object
in the 1image plane of the microscope with additional optical
system will become:

0,..=0.6 1AM, M /N.A., (5a)
This 1s equivalent to resolution p_ 1n the object plane of the
microscopic objective:

0,=0.61AWN.A._, (5 b)

The same 1s valid for the aberrated optical imaging system
with the exception that the radius of the diffraction spot has to
be replaced with RMS radius of the point spread function, all
other considerations remain unchanged.

Another parameter of every optical system particularly
important 1 systems used for coupling with other optical
systems 15 the position and size of the exit pupils, which
together determine the convergence angle 0. In stmple optical
systems the entry and the exit pupils practically coincide with
the edge of aperture D, limiting the active area of the used
lens. In more complex optical systems, these two pupils can
be separated and placed inside of the system or at certain
distance from the last lens as in microscopic objectives, for
example. Relative position of entry and exit pupils of coupled
optical system 1s very important, since 1n case of their wrong
positions 1t may lead to vignetting.

Once the real 1image 1s created, 1ts position and size as well
as the position and size of exit pupil 1s 1dentified and proper-
ties of the 1mage are determined (RMS radius p of point
spread function and the convergence angle 0) 1t becomes
irrelevant what optical system was used to produce the image,
and from this point the coupling optimization can be per-
formed without further reference to the imaging optical sys-
tem. Hence, further analysis will be performed using the
microscope as an example but all conclusions are applicable
to all other imaging optical systems such as telescopes, objec-
tives for photographic or TV cameras and all other imaging
optical systems.

Optical microscopes have reached such degree of standard-
1zation that optical layouts of microscopes produced by dii-
ferent companies do not show significant differences. As a
principle, the modern microscope, FIG. 1, contains a source
of radiation 101 (here and everywhere in the following text
the first digit 1n reference number refers to number of the
drawing, the second and third 1s a component specific num-
ber, while fourth and further numbers refer to different varia-
tions of the same component), a collector 102, a field dia-
phragm 103, an aperture diaphragm 104, condenser 105, an
optical stage 106, with a sample 107, a microscope objective
108, which creates a real image 1070 of the sample at certain
finite, or infinite distance from the objective 108, having an
exit pupil 109. In the case of the microscopes with objectives
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corrected for infinity 1t may also contain an auxiliary lens 110,
which together with the objective 108 produces the image of
the sample 1n the image plane 1070. Depending on a method
of the image registration this 1mage can be either directly
observed by a human eye 113, placed at the exit pupil 1031 of
the eyepiece 1121, which produces an imaginary magnified
image 1071 of the sample at the best vision distance of the
human eye 113; can be projected as a real 1mage 1072 with
magnilying, non-magnifying or de-magnifying projecting
lens 1112 onto a surface of a photosensitive area of an image
capturing device 1122 containing such components as vidi-
con, CCD array, photographic film or other similar media; or
delivered by means of arelay lens 1113 as anreal image 1073

to some 1mage analyzing system 1123 (spectrometer, for
example) as 1n the case of the present invention.

While 1t may not be true 1n the case of other optical systems
such as the Hubble telescope, which has been designed to
work with detector arrays exclusively, microscopes and many
other optical imaging systems are usually optimized to work
together with an optical system of a human eye and have to be
specially adapted for cooperation with other image capturing
devices such as photographic, TV or digital image capturing
camera with 2-D array of photodetectors. The problem 1s
usually resolved by replacement of the eyepiece 1121 with
some specialized magnified, non-magnified or de-magnified
relay lens 1112, which relays the microscope image 1070
produced to the image capturing device 1122 1n a form of a
suitably magnified, non-magmfied or de-magnified image
1072. Such a relay lens 1s usually optimized to provide the
best possible image for the selected image capturing device
applied, and therefore 1s usually not suitable for other image
capturing devices. As long as the relay lens captures all radia-
tion collected by the combination of microscopic objective
and auxiliary lens and uses 1t to produce an 1image of accept-
able quality, registered by the image captured device, the
relay lens fulfills 1ts role and no further considerations are
required.

However, if radiation collected by the objective/auxiliary
lens combination has to be further processed with some addi-
tional optical system 1123, as a line imaging spectrometer, for
example, the situation changes. With exception of very
simple but low performance 1imaging spectrometers contain-
ing suitably corrected concave diffraction grating, which
simultaneously plays the role of a radiation collecting optics,
diffraction grating and spectral image forming optics, the
more advanced 1maging spectrometers have separate optical
systems to perform these functions as 1s shown 1n an example
in FIG. 2. Thus, typical line imaging spectrometers consists
of a slit 211, of a radiation collimating optics 212, which for
cach point of the slit transforms the emerging divergent
beams into the collimated beams of radiation delivered to a
diffraction grating 213; the diffraction grating decomposes
cach collimated beam into spectral components sent 1n dii-
ferent directions in the form of collimated monochromatic
beams. These monochromatic beams are collected by focus-
ing optics 214, which for each point of the slit focuses each
spectral component to the smallest possible spot, producing
in such a way a line spectral image for every point of the slit,
together forming 2-D radiation distribution pattern, whose
one coordinate axis represents position of the points along the
entry slit, while the second axis represents wavelength of the
radiation. Light intensity at each point provides information
regarding how much radiation of certain wavelength was
delivered to selected point of the slit. This light intensity
distribution can be registered with 2-D detectors array 210,
providing 1n such a way simultaneous spectral information
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for each point of the slit, 1n other words, producing a spectral
image for these points of the object, which were projected on
the slit.

Another example of a line i1maging spectrometer 1is
described in US Patent Application US2005/0162649 Al,
2005-07-28 entitled “Multi-channel spectrum analyzer” and
incorporated here by reference.

Thus, a problem arises as to how to couple an existing
imaging system such as a microscope, photographic objective
or telescope with such specialized image analyzer such as that
described in the above US Patent Application, 1n a way to
provide maximum information. While there exists a large
number of scientific papers and patents describing different
imaging spectrometers, including these performing simulta-
neous spectral analysis for each point of 1mage projected on
the slit of the line 1imaging spectrometers, the method of
optimal coupling of line 1maging spectrometers to 1maging
optical system 1s not disclosed.

In principle, there exist two methods, which can be used for
this purpose: direct coupling and coupling by means of a fiber
optic bundle. Both methods posses their own advantages and
disadvantages and can be used as required. The direct method
1s illustrated 1n FIG. 3. According to the present invention,
direct coupling between the imaging system 300, 1 a dis-
closed embodiment a microscope, and the image analyzer
320, 1n a disclosed embodiment a line imaging spectrometer,
1s performed by mean of relay lens 311. The schematically
presented microscope 300 consists of an object 307, an objec-
tive 308 having exit pupil 309, and auxiliary optical system
310, producing a magnified real image 3070, which in a form
of another magnified real image 3073 1s projected by means
of relay lens 311 onto entrance slit 315 of the spectrometer
320. In this schematic presentation the spectrometer consists
of entrance slit 315, collimating optics 321, which collimate
the light beam for each point of the slit, diffraction grating,
322, which angularly separates light with different wave-
lengths for each point of the slit, focusing optics 323 produc-
ing for each point of the slit a rainbow like pattern, which 1n
a form of two dimensional 1mage presenting spatial coordi-
nate along the slit in one direction and spectral information in
perpendicular direction 1s registered with 2-D array of detec-
tors 330. The role of the relay lens 1s to produce the real image
of the sample 1n the spectrometer slit plane and simulta-
neously secure etficient transier of light from the microscope
to the spectrometer. This can be achieved only 11 the relay lens
311 together with collimating optics 321 of the spectrometer
produces the real image 3093 of the exit pupil 309 of the
objective 308 1n plane of the diffractive grating 322. Sche-
matically presented as a single lens 311, 1n reality the relay
lens may contain a number of optical elements as shown 1n
insert 3110, where relay lens consists of two set of lenses
3111 and 3112. The first set 3111 transtorms the diverging
from each point of the image 3070 light into a bundle of
parallel beams, simultaneously producing an intermediate
image 3092 of the pupil 309. The second set 3112 focuses
back parallel beams into the image 3073 of the object 307,
projected onto slit 315 of the spectrometer 320, simulta-
neously together with collimating optics 321 of the spectrom-
cter 320 producing a real image 3093 of the exit pupil of the
microscopic objective in the plane of diffraction grating 322.
Those skilled 1n the art would appreciate that active area of the
grating should be larger than the projected on the grating
image of the exit pupil of the optical imaging system, exit
pupil of the objective 1n this example. The collimating optics
323 having the entrance pupil placed in the grating plane 322
collect the diffracted light and focus 1t on the sensitive surface
of the image capturing medium 330, 2-D array of the detec-
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tors 1n preferred embodiment, for each point of the slitand for
cach wavelength of working range of the spectrometer, pro-
ducing a spot of size determined by the performance of a
whole optical system starting with object and ending with the
array ol the detectors. It will also be understood by those
skilled 1n the art that the size of the entrance pupil of the
focusing optics of the spectrometer should match the size of
the grating image of the exit pupil of the imaging optical
system.

For these skilled in the art 1t 1s well known that to distin-
guish two closely placed spots of the same size, with spot
intensity distribution close to a Gaussian, the sampling step,
which 1 case of CCD array 1s equivalent to the pixel size,
should not be larger than a half of the spot diameter, 1.e.
should be smaller than RMS radius p of the spot. Theretore,
the relay optics used for coupling the imaging and the image
analyzing systems should be selected to produce the smallest
image spots with RMS radius not smaller than a pixel size, 1n
the plane of a detector array of the 1mage capturing media. In
such a way, four pixels will be necessary to register the
smallest image spot (If pixels were arranged according to a
hexagonal pattern, three pixels would suifice). The above
leads to a conclusion that 1f we want to see resolved details of
radius p_ 1n the object plane, the total magnification of the
system M being a product of magnification of the imaging
system M., relay optics, (which can consist of multiple lens
system) M and spectrometer M _ should fulfill condition (6),
assuming that the optical system has capability to resolve
details of radius p_ 1n object plane:

M=MMM,>=d/p,

(6),

where d, 1s the pixel size 1in the direction under consideration
and p_, 1s the required resolution in the object plane in that
direction. In relation to the image plane of the imaging optical
system where 1t produces an 1image characterized with RMS
spot radius p, the above condition takes shape:

M M. >=d/p (6a),
It immediately follows from the above, that magnification of
the relay optical system M used to couple imaging and ana-
lyzing parts should tulfill the condition:

M >=d/(pM) (7)

At the same time, the collecting angle of the relay lens
should match the divergence angle of light leaving the image
produced by the optical imaging system. This 1s automati-
cally secured 11 non obscured 1mage of the exit pupil of the
imaged system 1s projected onto a grating and 1s matched by
the size of the entrance pupil of the focusing optics of the
spectrometer.

Coupling of a microscope to an 1image analyzer produces
some specific problems related to the fact that the magnifica-
tion of a microscope can be easily changed by the switching,
of the microscope objectives. On the other hand, modern
microscopes possess a number of ports, which can be used for
coupling of the microscope to a imaging spectrometer. These
ports include a port for monocular or binocular attachment, a
port for an eyepiece, an auxiliary port 1n trinocular, or spe-
cialized ports for TV and photographic cameras. In principle,
all these ports can be equipped with suitable relay lenses and
used for direct coupling to spectrometers, but the TV and
photographic cameras ports are the best suitable for this pur-
pose.

As 1t was explained earlier, the resolution p_ of the aberra-
tion

free microscopic objective at wavelength A 1s determined
by the numerical aperture N.A. of the applied objective (3b);
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therefore, to secure required resolution p, a microscopic
objective of the numerical aperture:

N.A.>0.61W/p, (8)

should be used. Since there 1s a strong correlation between
magnification of the objective M _, and 1ts numerical aperture
as can be found in technical specifications of the microscopic
objectives available on the market, the availability of objec-
tives fulfilling the relation (8) determines the applicable mag-
nification of the applied microscopic objective M _, . The total
magnification M of the microscope/relay system/spectrom-
cter can be expressed as a product of magnifications of 1ts
components: magnification of the chosen objective, M_, ; the
system magnification of the microscope M (including mag-
nification of the auxiliary lens); magnification of the image

relay lens, M _; and magmfication of the spectrometer system,
M.:

Y

M=M

L

5$Mm $Mr $M5 (9)

Since the second and the last values 1n the above product are
constant for a given combination of the microscope/relay
system/spectrometer and objective selected to secure the
required resolution, it 1s clear that the magnification M of the
relay lens has to satisty the condition:

MF:M/(MGE? $Mm $Ms) (103")
Taking into account all relations and the fact that there exists
a certain relation between N.A._, of the objective and its
magnification which can be expressed as M_,=k*N.A._,, the
relation (10a) can be rewritten as:

M. =d/(0.61* N E*M. *M.) (10b)
This determines the required magnification of the coupling
optical system for microscopes. The above result has been
obtained under the assumption that the microscope produces
diffraction limited image and that the coupling lens and the
spectrometer system are also aberrations free and have capa-
bility to transier to the photodetector plane the image of a
point monochromatic source produced by the microscope
without additional disturbances.

Table 1. Example of relations for a typical series of micro-
scopic objectives for standard wavelength 1 um (for other
wavelengths results in columns 5 and 6 have to be multiplied
by wavelength measured in micrometers).

Normalized Normalized

resolution resolved
in object detail 1n
M, NA., M_,/NA., NA.onexit plane[um] umage [um]

4 0.08 50 0.020 7.63 30.5
6.3  0.08 79 0.013 7.63 48.0
16 0.25 64 0.016 2.44 39.0
20 0.4 50 0.020 1.53 30.5
40 0.45 89 0.011 1.36 54.2
63 0.65 97 0.010 0.94 59.1
100 1.25 80 0.013 0.49 48.%8

As follows from Table 1, depending on the objective,
k=M_,/N.A_,. might vary between 50 and 100. Equation
(10b) leads to a conclusion that 1n the case of a microscope,
depending on the objective, the optimal magnification of the
coupling relay lens may vary by afactor oftwo, even when the
magnification of the objectives varies by afactor o1 25 and the
numerical aperture by a factor of 15. This means that using
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coupling relay lens designed to work with an objective having
k-factor close to 73, optical coupling conditions will be prac-
tically satisfied for all other objectives. Therefore, the 1deal
solution would consist of a relay lens with variable magnifi-
cation varying by factor of two, from magmfication which
corresponds to factor k=100 to k=30.

Under earlier defined conditions, the image produced by a
microscope together with the coupling relay lens (projected
onto an object plane of the image processing system) will
have the total magnification M.

M =d*N.A._,/(0.61*0*M.) (11)
At the same time, the numerical aperture N.A., of the con-
verging beam producing this image will be equal to:

N.A.~N.A._,/M=0.61* \*M./d (12)
Hence, to be able to catch all light transmitted through the slit,
the numerical aperture of the entry of the spectrometer should
not be smaller than the above value. For a typical image
analyzing system, magnification of the spectrometer 1s close
to one, pixel size 1n an array of photodetector 1s in the range
of 10 microns and the wavelength of the detected light 1s
about half a micron. These values give an N.A.; of about 0.03
which roughly corresponds to F#~16, which 1s much larger
than that for the majority of spectrometers available on the
market. Such large F# means that when typical spectrometers
are optimally coupled to microscopes, the aperture of the
spectrometers will be underfilled. This may raise concerns
about limitation of resolution caused by the reduction of the
used active area of the grating. The example below shows,
however, that the impact of this effect 1s much smaller than
other factors, but that it should be taken into account in
applications where high spectral resolution 1s required. An
example of a typical spectrometer having a focusing lens with
a focal length about 100 mm gives the beam diameter on the
grating about 6 mm. For grating having 500 line pairs per mm
this 1s suificient to obtain spectral resolution about A/1600,
while for grating having 1500 line pairs per mm this can
provide resolution over A/5000.

Similarly, the width of monochromatic slit image in the
registration plane should be not wider than the pixel width d_,
in the direction of dispersion. Therefore, the width of the slit
w_ should meet the condition:

w.=d, /M, (13)

When conditions (11), (12) and (13) are satisfied, the sys-

tem performance meets the initial spatial resolution require-
ment.

The spectral resolution of the system 1s determined by the
capabilities of the spectrometer, which are primary deter-
mined by dispersion of the grating and optical configuration
ol the instrument.

As 1t was explained earlier, line 1maging spectrometers
produce spectral information for all points of the 1image pro-
jected on a slit of the spectrometer. Hence, measurement with
such systems provides spectral information for points of the
object placed along the line, whose 1image coincides with the
slit. However, 1f the object whose 1image 1s projected onto a
slit remains unchanged for a certain period of time, such a line
imaging system can be also used for spectral analysis of 2-D
sample by successiul line by line collection of the spectra
with some scanning system, which translates the image of the
sample across the slit in a predetermined way. In the preferred
embodiment, this 1s achieved by linear translation of the
sample 1 direction perpendicular to the slit length, by a step
equal to a half of the required resolution 1n the object plane,
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which corresponds to translation of the 1image 1n the photo-
detector array plane by a width of a single pixel in direction of
the dispersion.

For these skilled 1n the art, it 1s evident that similar condi-
tions are applicable to coupling of any an optical imaging
system to any imaging spectroscopic system, where there1s a
need for simultaneous spectrum collection for a number of
points, such as aerial remote sensing, photography, astro-
nomic observation and any other. This 1s also applicable to
any scanning imaging system where the spectral image of 2-D
scene 1s constructed as a composition of spectra of consecu-
tively collected line images, resulting 1n four dimensional
parallelepiped where two axes provide coordinates of the
point under consideration 1n the object plane, third coordinate
corresponds to wavelength and fourth represents intensity of
radiation of given wavelength at given point. Such way of
representing data 1s usually referred to as hyperspectral imag-
ng.

The switching of an 1image analyzer to different lines on the
object surface can be performed 1n many different ways, as 1s
known for these skilled 1n the art, and depends on the tested
object and optical system used for observation. In case of a
microscopic 1mage, this can be done by, but not limited to, a
simple relocation of the sample across the field of view 1n
direction perpendicular to the slit, or by one of many optical
scanning methods including deflecting and rotating mirrors,
various kinds of electro-optical and acousto-optical deflec-
tors any other means used for moving an 1mage in one direc-
tion.

While direct coupling of the imaging system, a microscope
in particular, to a spectrometer potentially provides best per-
formance, 1n many respects 1t lacks tlexibility. Some applica-
tions require more flexible coupling, and in these applications
coupling with a optical fibers could be preferred. The present
invention provides various ways of such coupling. The sim-
plest way 1s to put an end of optical fiber bundle with fibers
arranged along a straight line directly 1nto a real image plane
of the microscope and to bring another end of the bundle, with
the fibers placed 1n exactly the same order as on entry side, to
the slit of the spectrometer. Unfortunately the spatial resolu-
tion of such a line of fibers 1s determined by the total diameter
of the applied fibers and may not match either the requirement
or the resolution of an 1mage produced by the 1imaging sys-
tem, the microscope in particular. For this reason, matching of
these two parameters by means of a suitable optical relay
system might be necessary.

The simplest way to couple an 1mage produced by an
imaging optical system to a image analyzing system 1s to use
a single fiber whose one end 1s placed in the image plane of the
imaging system and the second end 1s placed 1n the object
plane of the analyzing system, slit of the spectrometer, for
example. This approach does not provide any information
about spectral composition 1n other points of the image,
unless (for a stable object) a full two-dimensional scanning of
the 1mage 1s performed. In such a case there 1s no need to use
a 2-D array of the detectors and a linear array would be
suificient. In this respect, application of a bundle with mul-
tiple optical fibers provides significant advantages.

An example of coupling 1n the preferred embodiment of a
microscope to a line imaging spectrometer by the means of a
fiber optics bundle with multiple optical fibers 1s shown 1n
FIG. 4. On this drawing, the imaging system 1s shown 1n a
form of a simplified microscope consisting of a light source
401, a condenser 4035, an object 407 and a microscope body
400 with a marked 1mage plane 4073, while spectrometer 1
represents an image processing unit. The light from the imag-
ing system 1s delivered to the image processing unit by means
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of a fiber optic bundle contaiming three branches: a main
branch 440 and two auxiliary branches 4421 and 4422. Each
branch may contain any number of optical fibers. One end of
cach branch 1s used to collect light, while the other ends are
bundled together and deliver captured light to the spectrom-
cter. The main branch 440 captures light either directly from
the 1mage plane ol microscope or by means of come addi-
tional optical relay system 412, similar to the relay optical
system 311/3110 of FIG. 3, consisting of at least one, possible
mult1 element lens or, as shown 1n FIG. 4, a pair (4121 and
4122) of single or mult1 element lenses with space between
them to put some additional optical components. The auxil-
1ary branches also directly or by the means of some relay
optical system (not shown on the drawing) capture various
reference signals as required, such as from the light source
401, other points of the 1imaging system (microscope), sepa-
rate light sources as spectral lamp (also not shown on the
drawing) for continuous monitoring of wavelength calibra-
tion, from free space (1f background subtraction is required),
from photometric reference source or from any other points of
interest. The number of auxiliary branches can be as large as
required. On the common end, the fibers from all branches are
aligned 1nto a single column, which either replaces the spec-
trometer slit, 1s placed directly in front of the slit, or whose
image 1s projected onto the slit by means of some relay optical
system similarto 311/3110 of FIG. 3. The relay system can be
done 1n a form of a single or multi-element projecting lens
411 or more complex relay system 4110 consisting of a pair of
a single or multi-element projecting lenses 4111 and 4112,
with space between them for additional optical components
such as polarizers, attenuators, various kind of filters, beam
splitters and other optical components as required for perfor-
mance enhancement of the image analyzer, the spectrometer
in this case.

As described above, the fiber-optic bundle (F1G. 6) used for
this purpose has a main branch containing majority of
arranged 1n line optical fibers and as many as required auxil-
1ary branches containing one or a few fibers each. At the exit
end all fibers are precisely aligned 1nto a single line 1n such a
way that the fibers from each branch are grouped together and
all groups from auxiliary branches are placed on one end of
the line, possible separated from fibers from the main branch
by empty space or imnactive fiber for easier recognition of
spectra of light from auxiliary branches. The fibers from the
main branch are also grouped together and are arranged in
exactly the same order as on entry end, producing a line image
of the object similar to that obtained in earlier described
system with the direct coupling, with additional spectral rows
presenting spectra of light delivered by fibers from the aux-
iliary branches. The auxiliary branches can collect the light
from different points of optical system or from separate light
source such as lasers or spectral lamp and can be used for
continuous monitoring of wavelength calibration of spec-
trometer.

Thus, the present invention also provides a fiber-optic
bundle with a single line of fibers coming from the 1mage and
having at least two additional branches for reference signal,
one of which 1s used to provide wavelength calibration signal.

The coupling of the 1maging system to the image analyzer
by means of the fiber-optic bundle can create some problems,
however, related to the fact that the typically applied optical
fibers have larger diameter than both the resolved points 1n the
image ol the optical system as well as the resolution (pixel
s1ze) 1 two-dimensional 1mage capturing device such as the
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required for each resolved spot of radius p in the image, the
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optical system 412 performing coupling of light from the
image produced by an optical imaging system (in this
example an microscope) to the fiber-optic bundle, should
provide magnification M, ;

M =d/p

As 1t follows from the Table 1, 1n microscopes the normal-
1zed product p,M_, for given wavelength varies between 30A
and 60*A, assuming an average constant value, roughly equal
to 40*A, this leads to conclusion that magnification M, .of the
relay lens on the microscope side with additional magnifica-
tion M_ of microscope system should meet the condition:

(15)

(14)

M, ~0.025d/(AM,,)

Since the diameter of fibers presently applicable for these
needs 1s about 60 um, this determines the required magnifi-
cation as 1.5/(AM_ ), which for wavelength 0.5 pm and addi-
tional microscope magnification 1.5 1s equal to 2. Therelore,
using present day technology the relay lens with 2 times
magnification 1s required on the microscope side to perform
an optical coupling of the visible image to a fiber optic bundle
containing fibers about 60 um in diameter and proportionally
larger for fibers of larger diameter. The required magnifica-
tion decreases for longer wavelengths and increases for
shorter. If diameter of the fibers 1n micrometers was equal to:

(16)

d~40*\*M,,

no additional magnification would be required and the fiber
optic bundle could be placed directly in the 1image plane. For
a typical microscope with M_ equal 1.5 and central wave-
length 0.5 um fibers of diameter of 30 um would be required.
This diameter would increase to 60 um for wavelength of 1
um and decrease to 20 um for UV radiation with wavelength
0.35 um. Using fibers of these diameters for specific applica-
tions would greatly simplify the coupling of microscopes to
spectrometers by the means of fiber optic bundles.

Therefore, 1n one aspect of the present invention, regard-
less of the applied objective, only one relay lens with magni-
fication given by equation (15) 1s used for coupling the micro-
scope 1mage to the spectrometer.

In another aspect, the invention provides an optimal diam-
cter of fibers (16) for direct coupling of the microscope image
to a fiber optic bundle.

Similarly, an optical coupling system 411, performing cou-
pling of light from a fiber-optic bundle to the slit of the
spectrometer should secure magnification My such that con-
sidering the magnification M_ of the spectrometer the 1mage
of the end of the single fiber as produced in monochromatic
light 1n photodetector plane, should be equal to the size d of a
resolving element (pixel) of the photodetector, otherwise
resolution of detector array would not be fully utilized:

M,=d/(M.d) (17)

Since the total diameter of the standard fibers 1s usually
larger than the pixel length 1n the slit direction, and the spec-
trometer magnification 1s close to one, this means that the
magnification of the applied optical relay system on spec-
trometer size should be smaller than one.

Such a precise matching of the diameter of the fibers to the
pixel size makes the system extremely vulnerable to fiber-
optic bundle defects. To make 1t less sensitive, bundles with
fibers of the smallest possible diameter would be preferred, to
have more than four fibers carrying information presented by
a single resolution spot of 1image, and, consequently, more
than one fiber projected on a single pixel. For fibers of larger
diameter this can be achieved by applying a relay lens of
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larger magnification between the microscopic image and the
fiber-optic bundle and suitable de-magnifying relay lens
between the fiber-optic bundle and spectrometer, chosen in
such a way that two pixels 1n one direction (four pixels in two
dimensions) are used to register a single resolution spot of the
object projected on the photodetector array. Such solution
however would require fiber-optic bundles of large dimen-
S101S.

As 1t was mentioned earlier, the magnification of the image
by a microscope objective proportionally decreases the aper-
ture angle of the beam producing the image, as seen in fourth
column of Table 1 to a value, which depending on objective
applied, varies between 0.01 and 0.02 (on average about
0.015). The aperture 1s further reduced by consecutive mag-
nification of the microscope system (typically 1.5 times) and
relay lens used to project microscopic 1image on an end of a
fiber-optic bundle. As a result, the aperture angle of the light
beam coupled to the fibers 1s very small, and if 1t was pre-
served 1n the fibers, even after increase caused by possible
demagnification of the relay lens used on spectrometer side of
the system, could not fill-in the aperture of the spectrometer
resulting 1n poor spectral resolution. It 1s known for these
skilled 1n the art that if numerical aperture of fibers 1s larger
than numerical aperture of the introduced light beam, the
latter increases as the light propagates along the fiber due to
diffraction and mode cross-talk in the fiber. The bending and
coiling of the fiber accelerates the effect.

Therelore, the invention also provides a way to increase the
numerical aperture of the light beam entering an 1mage ana-
lyzer (spectrometer) by bending and coiling fiber optics
bundle used to transfer light from the image forming optical
system to the image analyzer. In particular case of coupling of
a microscope to the spectrometer this allows to achieve a
higher spectral resolution 1n smaller size spectrometer.

It 1s known that many 1image processing systems may have
limited capabilities. For example, line imaging spectrometers
may have limited spectral range. In such cases it would be
desirable to be able to use more than one 1image processing
systems (more than one line 1maging spectrometer, each per-
forming analysis in different part of the electromagnetic spec-
trum, for example). Such a problem can be also resolved with
the help of fiber-optic bundles as shown 1n FIG. 5. In this
figure (as 1n FIG. 4) the imaging system 1s shown 1n a form of
simplified microscope consisting of a light source 501, a
condenser 505, an object 507 and a microscope body 500 with
a marked 1mage plane 5073, while spectrometers 1 and 2
represent image processing units. The light from the imaging
system 1s delivered to the image or a processing unit by the
means of a fiber optic bundle containing three branches: a
main branch 540, which splits imnto required number of legs,
two of which, 5402 and 5402 are shown 1n the drawing and
required number of auxiliary branches represented on the
drawing as 5421 and 5422, each of which contains required
number of legs (two shown on the drawing) connected to
different spectrometers. Each branch and leg may contain any
number of optical fibers. Common ends of each branch are
used to collect light, while after division into required number
ol legs, the other ends are bundled together to deliver captured
light to the corresponding image analyzers (spectrometers).
As m FIG. 4, the main branch 540 captures light either
directly from the image plane of a microscope or by the means
of some additional optical relay system (not shown on the
drawing) similar to the relay optical system 412 of FIG. 4. The
auxiliary branches also directly or by means of some relay
optical system (not shown on the drawing) capture various
reference signals as required, such as from the light source
501, other points of the imaging system (microscope), sepa-
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rate light sources as spectral lamp (also not shown on the
drawing) for continuous monitoring of wavelength calibra-
tion, from Iree space (1f background subtraction 1s required),
from photometric reference source or from any other points of
interest. The number of auxiliary branches can be as large as
required. On the common ends, the fibers from all corre-
sponding legs of all branches are aligned into single columns,
separate for each spectrometer, which either replace the slits
in the corresponding spectrometers, are placed directly n
front of the slits or whose 1mages are projected onto the slits
by means of some relay optical systems similar to 411/4110
ol F1G. 4. Optical coupling systems on each end of fiber-optic
bundle may be designed to fulfill conditions (14) and (15).

The way 1n which light from each branch i1s divided
between different image analyzers (spectrometers) depends
on application and need. FIG. 6 illustrates an example of such
division, when the light from an image and two auxiliary
branches whose number can be larger or smaller, 1s delivered
to three spectrometers. The number of spectrometers can be
larger or smaller, depending on the needs. The gray circles on
the left side of the drawing represent terminator faces of all
three branches of fiber-optic bundle, while the small white
circles within larger gray represent the ends of individual
fibers. The light from each branch 1s delivered to all three
different spectrometers. There are three rows of the fibers 1n
the main branch, four fibers in the auxiliary branch 1 and one
fiber in the branch 2. The fibers from a single row are
branched to a single spectrometer, where they are aligned into
a line (not shown on the drawing). Similarly, the fibers from
the auxiliary branch 1, which may contain more fibers than
number of spectrometers are equally or not equally distrib-
uted between the spectrometers, furthermore, as 1t 1s shown in
branch 2, the light division can be performed not only by
redistribution of the fibers between the legs going to spec-
trometers, but also can be captured by a single fiber and later
branched 1nto a number of fiber-optic legs using fiber-optic
power splitters (not shown on the drawing). The fibers from
all branches delivered to single spectrometer are arranged
into lines in similar fashion as was described earlier. The
aligned fibers themselves can act as the slit for spectrometer
or light from these lines of the fibers can be coupled directly
or indirectly (by means of some optical relay system—not
shown on the drawing) to the slit of spectrometer, as 1n earlier
described cases.

Depending on needs, the fibers going to different image
analyzers (spectrometers) can be manufactured of different
materials. For example, the core of the fibers coupled to
spectrometers performing analysis in UV part of the spectrum
can be made of fused silica with high concentration of OH™
ions, while the core of fibers predestined for spectrometers
performing analysis 1n infrared can be made of fused silica
with low OH™ concentration, or any other more suitable mate-
rial.

Therefore this 1s another objective of this invention to
provide optimal method and means of coupling a single
image forming optical system to plurality of line 1imaging
spectrometers. The coupling 1s performed using fiber-optic
bundle having an 1image collecting branch which contains a
gross number of the fibers arranged 1nto parallel lines and any
number of the auxiliary branches. The number of rows 1n the
image collecting branch corresponds to number of spectrom-
cters mntended for parallel use and optical properties of fibers
in particular rows are selected to secure optimal performance
of the line imaging spectrometer cooperating with that row of
the fibers. Each auxiliary branch on entry side contains at
least as many fibers as many line imaging spectrometers will
be used, with optical properties matched to individual spec-
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trometers. The fibers from one line the image collecting
(main) branch together with similar fibers from auxiliary
branches are delivered to a single leg and arranged into a line
in the same order as 1n the line on entry side with fibers from
auxiliary branches placed at the beginning or end of the line.

The application of the fiber optic bundles for matching of
an 1maging system, microscope in particular, to the line imag-
ing spectrometer has many other advantages consisting in that
fibers can be used imdividually to collect the radiation from
different points of an optical image (FIG. 8), from different
points of the optical system or different optical systems (FIG.
5 and FIG. 7) and to bring them to a single spectrometer and
single array for parallel analysis and conversely the radiation
from closely placed points in an 1mage can be directed to
different analyzers for simultaneous analysis with different
devices. Therefore, 1n one aspect the ivention, fiber bundle
contains plurality of fibers aligned along a line on the entry
and exit faces of the fiber optic bundle. In the preferred
embodiment, their order on both ends of the bundle 1s the
same, but 1t 1s also possible that the order i1s different but
mapping of fiber from one end to another 1s known and stored
in some memory to allow the 1dentification of the position of
cach fiber on both ends of the bundle; therefore, to recognize
the source of each spectrum produced by the line imaging,
spectrometer. In a particular case, the group of fibers or each
individual fiber on the entry side of the bundle can collect
radiation from different points of the same object, different
points of the same device, for example as reference directly
from the light source used in microscope, or from the light
source used for fluorescence excitation or from laser source
used for Raman scattering excitation and so on. To facilitate
the coupling from different points of the same optical instru-
ment as a microscope or other imaging system, or from dif-
ferent optical systems, each fiber or group of fibers can be
terminated with different kind of connectors and terminators.
Even the fibers themselves can have diflerent kinds of ending,
as for example but not limited to, they can be cut under
different angles, highly polished or mat finished, can be
grounded on longer distance for coupling scattered radiation
incoming from different directions and other terminations,
known for these skilled 1n the art. The radiation delivered to
cach fiber can be also coupled into the fibers 1n different ways,
for example, using various kinds of focusing optics, scattered
light coupling optics, integrating spheres and cavities and so
on. Finally, the fibers predestined for coupling radiation from
the same sample or the same sample 1mage can be arranged in
different ways: 1 a form of tightly packed line for high
resolution 1maging along line of limited length, regularly or
irregularly distanced along the line to cover larger part of the
object, tightly or loosely packed into regular or irregular
rectangular or circular pattern, or into regular or irregular
mesh with different regular or 1rregular packing density up to
the end that all fibers are individually placed across the large
image, as for example but not limited to for simultaneous
spectrum collection 1n number of points of large projection
screen, flat panel display, CRTV screen and so on or any other
areca 1mage or object. The fibers can be also combined 1n
various groups to take, for example, a set of ditferent signals
from different places or different devices as for example to
take one or more reference signals (for example environmen-
tal lighting, different sources lighting, reference source light-
ing) together with one or more of measured signals from one
or more different places and different systems, for example
from different places on one or more conveyers. Furthermore,
for each separate place and each separate point, one or more
fibers could be grouped to collect the same signal but used to
deliver by each fiber or group of fibers radiation to different
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spectrum analyzers, for example performing analysis 1n dif-
terent parts of spectrum with different resolutions, using dii-
terent detectors with different spectral sensitivity and so on.
The fibers on collection side can be grouped 1n different ways
and 1n different regular or irregular ways distributed 1n space.
In particular, all groups or selected groups can contain differ-
ent numbers of fibers, which could be selectively directed to
all or selected analyzers. In particular, one large group can
contain a larger number of fibers arranged 1nto a form of two
or larger number of parallel lines, with optionally one or more
separate fiber groups also contaiming one or more fibers
arranged 1nto any pattern, from which one or more fibers are
delivered to one or more analyzers. The fibers from each line
and one or more fibers from every, or from selected groups of
fibers only, can be bundled into separate legs where on exit
end they could be arranged along the line or into any other
pattern and delivered to separate spectrum analyzers or other
measuring devices. Moving the analyzed 1mage across the
light collecting end of the fiber optic bundle allows for con-
secutive analysis of the same area of the object using different
analyzing systems, such as different spectrometers having
different spectral resolution and possibly working in different
spectral bands using different detectors, sensitive in different
spectral ranges. The scanning can be also performed by
mechanical movement of the fiber optic bundle with any
possible movement mechanisms operated by hand or by any
kind of the translator powered by electrical or piezo-electrical
driver performing linear or any other programmed translation
across the image. Furthermore, this can be performed without
any 1maging optics when radiation collecting end of the opti-
cal bundle 1s moved 1n close proximity to the surface of the
tested object. This kind of imaging can be also obtained by the
movement of the spectrometer 1itself over the surface of the
object 1n direction perpendicular to the slit length with the slit
being in close proximity to the tested surface.

These and other features of the implementations described
herein will be evident from the paper, which forms part of this
specification, entitled “Applications of Multichannel Imag-
ing Spectrometer’ attached hereto and incorporated by refer-
ence.

We claim:

1. An optical coupling relay system for optimally coupling
an 1imaging optical system to an image analyzer, comprising:
an 1maging optical system having a first object plane, an exit
pupil, and a first image plane; an image analyzer comprising
a second object plane, an entrance pupil, and a second 1image
plane; a detector containing photosensitive material in the
second 1mage plane; and an optical coupling relay which
projects an 1mage produced in the first image plane by the
imaging optical system into the second object plane of the
image analyzer thereby to couple the imaging optical system
to the 1image analyzer, and simultaneously projects the exit
pupil of the imaging optical system into the entrance pupil of
the 1mage analyzer, wherein the 1image analyzer performs
optical analysis of the image projected into the second object
plane and the detector detects the optically analyzed image.

2. An optical coupling relay system for optimally coupling
an 1imaging optical system to an image analyzer, comprising:
an 1maging optical system having a first object plane, an exit
pupil, and a first image plane; an image analyzer comprising
a second object plane, an entrance pupil, a second i1mage
plane, and a detector containing photosensitive material in the
second 1mage plane; and an optical coupling relay which
projects an 1mage produced in the first image plane by the
imaging optical system into the second object plane of the
image analyzer thereby to couple the imaging optical system
to the 1image analyzer, and simultaneously projects the exit
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pupil of the imaging optical system into the entrance pupil of
the image analyzer, wherein the optical coupling relay system
projects the 1image produced 1n the first image plane by the
imaging optical system into the second object plane of the
image analyzer, with a magnification which secures that RMS
radius of the point spread function in the second 1image plane
on the detector of the 1mage analyzer 1s equal to the length of
the minimal resolution element of the detector and wherein
the diameter of the entrance pupil of the image analyzer 1s
larger than the diameter of an 1image of the exit pupil projected
by the optical coupling relay system onto the entrance pupail.

3. An optical coupling relay system as claimed in claim 2,
wherein the optical coupling relay comprises at least two
spatially separated optical components, spaced suificiently
for the placement between them of at least one of a polanizer,
an attenuator, a filter, and a beam splitter.

4. An optical coupling relay system as claimed in claim 2,
wherein the imaging optical system comprises a microscope,
and wherein the optical coupling relay system projects the
image produced 1n the first image plane by the imaging opti-
cal system 1nto the second object plane of the 1mage analyzer
with a magnification depending on the microscope objective
magnification, which allows to match the RMS radius of the
point spread function 1n the second 1mage plane on the detec-
tor of the image analyzer so that the RMS radius 1s equal to the
length of the minimal resolution element of the detector and
wherein the diameter of the entrance pupil of the 1mage ana-
lyzer 1s larger than the diameter of the image of the exit pupil
of the imaging optical system projected by the optical cou-
pling relay system onto the entrance pupil of the 1mage ana-
lyzer.

5. An optical coupling relay system as claimed in claim 4,
wherein the optical coupling relay 1s a variable magnification
system comprising at least two spatially separated optical
components, spaced sulliciently for the placement between
them of at least one of a polarizer, an attenuator, a filter, and
a beam splitter.

6. An optical coupling relay system as claimed 1n claim 2,
wherein the image produced 1n the first image plane by the
imaging optical system 1s of wavelength A, and wherein the
imaging optical system 1s a microscope of system magnifica-
tton M and microscope objective magnification M_,, and
wherein the 1maging optical system 1s governed by the rela-
tionship M_,=k*N.A._,, where k 1s a constant and N.A._, 1s
the numerical aperture of the microscope objective, and
wherein the 1mage analyzer 1s of magmfication M_, with
constant magnification M . determined by the relationship
M =d/(0.61*A*k*M_ *M_), which secures that RMS radius
of the point spread function 1n the second 1image plane on the
detector of the image analyzer 1s equal to the length d of the
mimmal resolution element of the detector.

7. An optical coupling relay system as claimed in claim 6,
wherein the optical coupling relay comprises at least two
spatially separated optical components, sufliciently spaced
for the placement between them of at least one of a polarnizer,
an attenuator, a filter, and a beam splitter.

8. An optical coupling relay system as claimed 1n claim 2,
where the 1image analyzer comprises a spectrometer with the
entrance pupil placed at a plane of a diffraction grating.

9. An optical coupling relay system for optimally coupling
an 1maging optical system to an image analyzer, comprising:
an 1maging optical system having a first object plane, an exit
pupil, and a first image plane; an image analyzer comprising,
a second object plane, an entrance pupil, a second i1mage
plane, and a detector containing photosensitive material in the
second 1mage plane; and an optical coupling relay which
projects an 1image produced 1n the first image plane by the
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imaging optical system into the second object plane of the
image analyzer thereby to couple the imaging optical system
to the 1image analyzer, and simultaneously projects the exat
pupil of the imaging optical system into the entrance pupil of
the 1mage analyzer, wherein the 1imaging optical system 1s
selected from a telescope, an objective of a television camera,
an objective of a photographic camera, a television camera
and a microscope, or a combination thereof, wherein the
image analyzer 1s selected from an interferometer and a spec-
trometer, or a combination thereof, and wherein the detector
1s selected from a photographic plate, a vidicon, a television
camera, a photographic camera and a 1-D or 2-D array of
photosensitive photodetectors, or a combination thereof.

10. An optical coupling for coupling an 1maging optical
system to an 1image analyzer; the optical system comprising a
first object plane, an exit pupil, and a first image plane; the
image analyzer comprising a second image plane, an entrance
pupil, a second object plane, and a detector containing pho-
tosensitive material, the optical coupling comprising a fiber-
optic bundle, having an entry end placed one of directly 1in the
first image plane or 1n a plane of an 1mage produced by an
additional fiber entrance optical relay system, and having a
second end which 1s one of placed directly as an object 1n the
second object plane of the image analyzer or projected onto
the second object plane of the image analyzer by an additional
image forming optical relay system, wherein the fiber-optic
bundle comprises optical fibers that are used to increase the
numerical aperture of the light beam entering the 1mage ana-
lyzer by bending and coiling the fiber-optic bundle used to
transier light from the imaging optical system to the image
analyzer.

11. An optical coupling relay system as claimed 1n claim
10, wherein the image analyzer 1s a line imaging spectrometer
and the fiber optic bundle comprises a single line of fibers at
the image analyzer end and the imaging optical system com-
prises multiple optical fibers coming from the first image
plane of the imaging optical system, including one or more
optical fibers coming from auxiliary branches delivering
radiation from various reference signals, one of which 1s from
a source with known spectrum for continuous verification of
wavelength calibration of the spectrometer.

12. An optical coupling relay system as claimed 1n claim
11, wherein the optical fibers coming from the first image
plane of the 1maging optical system need not be particularly
ordered but where the order of the fibers from both the image
analyzer end and the 1maging optical system end are known
so that each 1image analyzer end of each optical fiber can be
associated with a particular imaging optical system end opti-
cal fiber position.

13. The optical coupling as claimed in claim 10, wherein
the optical system 1s at least one of a telescope, an objective of
a television camera, an objective of a photographic camera,
and a microscope; wherein the image analyzer 1s at least one
of 1n mterferometer and a spectrometer; and wherein the
detector 1s one of a photographic plate, a vidicon, a TV
camera, a photographic camera, and a 1-D or 2-D array of
photosensitive photodetectors.

14. An optical coupling relay system for optimally cou-
pling an 1imaging optical system to an 1image analyzer, com-
prising: an imaging optical system having a first object plane,
an exit pupil, and a first image plane; an 1mage analyzer
comprising a second object plane, an entrance pupil, and a
second 1mage plane; a detector containing photosensitive
material 1n the second 1mage plane; and an optical coupling
relay which projects an image produced in the first image
plane by the imaging optical system into the second object
plane of the image analyzer thereby to couple the imaging
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optical system to the image analyzer, and simultaneously
projects the exit pupil of the imaging optical system 1nto the
entrance pupil of the image analyzer, wherein the optical
coupling relay comprises a fiber-optic bundle comprising one
or more optical fibers and having an 1maging optical system
end placed directly 1n the first image plane of the imaging
optical system and having an image analyzer end placed
directly as an object 1n the second object plane of the image
analyzer, wherein the image analyzer performs optical analy-
s1s of the image projected into the second object plane and the
detector detects the optically analyzed image.

15. An optical coupling as claimed 1n claim 14, wherein the
imaging optical system 1s amicroscope, and the diameter d ot
the optical fibers 1s selected to conform to the relationship
d~40*A*M,,, where A 1s the wavelength of light used, and
M_ 1s the system magnification of the microscope and

wherein the optical fibers provide optimal coupling of the
image produced on the first image plane of the imaging opti-
cal system to the imaging optical system end of the fiber-optic
bundle.

16. An optical coupling relay system as claimed 1n claim
14, wherein the 1mage analyzer 1s composed of a plurality of
separate 1mage analyzers, wherein coupling 1s performed
using a fiber-optic bundle having an image collecting branch
which contains a gross number of the optical fibers and any
number of auxiliary branches, and wherein the number of
optical fibers 1n each auxiliary branch corresponds to at least
the number of 1mage analyzers intended for parallel use and
the optical properties of the optical fibers connecting to each
image analyzer are selected to secure optimal performance of
cach particular image analyzer.

17. An optical coupling relay system as claimed 1n claim
16, wherein the plurality of image analyzers comprises a
plurality of line imaging spectrometers and the optical fibers
reaching the individual line 1maging spectrometers are
arranged 1n lines which are delivered or projected onto the
entrance pupils of the line 1maging spectrometers.

18. An optical coupling relay system as claimed 1n claim
17, wherein the lines of optical fibers reaching the individual
line imaging spectrometers on the image analyzer end of the
fiber optic bundle are arranged on the imaging optical system
end 1nto parallel lines, each separate line corresponding to
separate line 1maging spectrometers.

19. An optical coupling relay system as claimed in claim
17, wherein the plurality of line 1maging spectrometers con-
s1sts of line 1maging spectrometers having the same specifi-
cations in order to acquire spectral information from a larger
area of the first image plane of the imaging optical system.

20. An optical coupling relay system as claimed 1n claim
17, wherein the plurality of line 1maging spectrometers con-
s1st of line 1maging spectrometers of different specifications
in order to acquire a larger amount of spectral information for
the same or adjacent lines on the first image plane of the
imaging optical system.

21. An optical coupling relay system as claimed 1n claim
17, wherein a hyperspectral cube 1s obtained by scanning by
one ol mechamical, electronic, electromagnetic, or optical
mechanisms of the image 1n the first image plane of the
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imaging optical system in the direction perpendicular to the
optical fibers 1n the 1imaging optical system end of the fiber-
optic bundle.

22. An optical coupling relay system for optimally cou-
pling an 1imaging optical system to an 1image analyzer, com-
prising: an imaging optical system having a first object plane,
an exit pupil, and a first image plane; an 1mage analyzer
comprising a second object plane, an entrance pupil, a second
image plane, and a detector containing photosensitive mate-
rial 1 the second 1image plane; and an optical coupling relay
which projects an image produced 1n the first image plane by
the imaging optical system into the second object plane of the
image analyzer thereby to couple the imaging optical system
to the 1mage analyzer, and simultaneously projects the exit
pupil of the imaging optical system into the entrance pupil of
the 1image analyzer wherein the optical coupling relay com-
prises a fiber-optic bundle comprising one or more optical
fibers wherein the image produced 1n the first image plane by
the 1maging optical system i1s projected onto the 1maging
optical system end of the fiber-optic bundle by a secondary
relay optical system and having an image analyzer end of the
fiber-optic bundle placed directly as an object in the second
object plane of the image analyzer.

23. An optical coupling as claimed in claim 22 wherein a
magnification of the secondary relay optical system secures
that RMS radius of the point spread tunction projected on the
imaging optical system end of the fiber-optic bundle 1s larger
than the diameter of the optical fibers within the bundle,
resulting 1n at least 2 separate optical fibers collecting across
the RMS diameter.

24. An optical coupling relay system for optimally cou-
pling an 1imaging optical system to an 1image analyzer, com-
prising: an imaging optical system having a first object plane,
an exit pupil, and a first image plane; an 1mage analyzer
comprising a second object plane, an entrance pupil, and a
second 1mage plane; a detector containing photosensitive
material 1n the second 1mage plane; and an optical coupling
relay which projects an image produced in the first image
plane by the imaging optical system into the second object
plane of the image analyzer thereby to couple the 1maging
optical system to the image analyzer, and simultaneously
projects the exit pupil of the imaging optical system into the
entrance pupil of the 1mage analyzer, wherein the optical
coupling relay comprises a fiber-optic bundle comprising one
or more optical fibers and having an 1maging optical system
end placed directly 1n the first image plane of the 1imaging
optical system and having an image analyzer end projected by
a tertiary relay optical system onto the second object plane of
the 1mage analyzer, wherein the 1mage analyzer performs
optical analysis of the image projected into the second object
plane and the detector detects the optically analyzed image.

25. An optical coupling relay system as claimed in claim
24, wherein a magnification of the tertiary relay optical sys-
tem together with the magnification of the image analyzer
produces an 1mage ol a single optical fiber on the second
image plane of the image analyzer not larger than the length
of the minimal resolution element of the detector.
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